The protective function of pain depends on appropriate motor responses to avoid injury and 30 promote recovery. The preparation and execution of motor responses is, thus, an essential 31 part of pain. However, it is not yet fully understood how pain and motor processes interact in 32 the brain. We here used electroencephalography to investigate the effects of pain on motor 33 preparation in the human brain. 20 healthy human participants performed a motor task in 34 which they performed button presses to stop increasingly painful thermal stimuli when they 35 became intolerable. In another condition, participants performed button presses without 36 concurrent stimulation. The results show that the amplitudes of preparatory event-related 37 desynchronizations at alpha and beta frequencies did not differ between conditions. In 38 contrast, the amplitude of the preparatory readiness potential was reduced when a button 39 press was performed to stop a painful stimulus as compared to a button press without 40 concomitant pain. A control experiment with non-painful thermal stimuli showed a similar 41 reduction of the readiness potential when a button press was performed to stop a non-painful 42 thermal stimulus. Together, these findings indicate that painful and non-painful thermal 43 stimuli can similarly influence motor preparation in the human brain. Pain-specific effects on 44 motor preparation in the human brain remain to be demonstrated. 
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50

NEW & NOTEWORTHY 51
Pain is inherently linked to motor processes but interactions between pain and motor 52 processes in the human brain are not yet fully understood. Using electroencephalography, 53
we show that pain reduces movement preparatory brain activity. Further results indicate that 54 this effect is not pain-specific but independent of the modality of stimulation. 55
INTRODUCTION 57
Pain is inherently linked to motor processes. The preparation and execution of motor 58 responses are essential for the protective function of pain (Melzack and Casey 1968) . 59
Moreover, physical exercise (Naugle et al. 2012 ) and the stimulation of motor areas in the 60 brain (Mylius et al. 2012; Nguyen et al. 2011 ) can alleviate pain. Vice versa, pain critically 61 influences motor behavior (Bank et al. 2013; Hodges and Tucker 2011) , which likely 62 contributes to the pathology of chronic pain (Hodges and Smeets 2015) . Consequently, the 63 relationship between pain and motor processes increasingly attracts attention (Morrison et al. 64 2013; Piedimonte et al., 2017; Sullivan 2008; Tabor et al. 2017; Vogt and Sikes 2009; Wiech 65 and Tracey 2013) . 66
The mechanisms underlying interactions between pain and motor processes in the 67 brain are not yet fully understood. Anatomical studies have shown direct nociceptive 68 projections to cingulate motor areas (Dum et al. 2009 ). Moreover, pain (Apkarian et al. 2005 ) 69
and movement preparation and execution (Geyer et al. 2012 ) activate extended networks of 70 brain areas which overlap and interact in cingulate and frontal premotor areas (Misra and 71 Coombes 2015; Perini et al. 2013) . Interactions between pain and motor processes can be 72 further disentangled by using electroencephalography (EEG) which records a typical 73 sequence of movement-related responses. During movement preparation, a slow negative 74 wave termed the readiness potential is observed (Brunia et al. 2012; Colebatch 2007; 75 Shibasaki and Hallett 2006) . It starts as early as 2000 ms before movement onset and is 76 most consistently observed during the last 500 ms over contralateral sensorimotor areas 77 (Brunia et al. 2012; Colebatch 2007; Shibasaki and Hallett 2006) . In addition, movement 78 preparation is associated with decreases of neuronal oscillations at alpha (8-13 Hz) and beta 79 (14-30 Hz) frequencies termed event-related desynchronization (Cheyne 2013; Pfurtscheller 80 and Lopes da Silva 1999; van Wijk et al. 2012) . These decreases also begin about 2000 ms 81 before movement onset and are strongest during the last 500 ms over contralateral 82 sensorimotor regions (Cheyne 2013; Pfurtscheller and Lopes da Silva 1999; van Wijk et al. 83 6 only passively perceived, i.e. participants did not perform button presses to stop the 125 stimulation. The pain condition was not further analyzed here as it does not add to the central 126 question of the present study, i.e. the influence of pain on motor preparation. As the 127 durations of the stimuli in the pain condition were taken from the pain & buttonpress 128 condition, the latter condition was always performed first, followed by the buttonpress and 129 pain conditions. Painful heat stimuli were applied to the dorsum of the left hand using a 130 thermode (TSA-II, Medoc, Israel) and button presses were performed with the index finger of 131 the right hand. After the pain & buttonpress condition, the thermode was slightly displaced in 132 lateral-medial direction to avoid skin damage. Each condition included 60 trials. Stimulation 133 was controlled using MATLAB (Mathworks, Natick, MA, USA) and the Psychophysics 134 Toolbox (http://psychtoolbox.org/). 135
In the pain & buttonpress condition (Fig. 1a, top) , a heat stimulus with increasing 136 intensity was applied and participants were instructed to stop the stimulation at the maximum 137 pain intensity they were willing to tolerate by pressing the button. Thus, by definition, the 138 participants stopped the stimulation at pain tolerance level assuring that they experienced 139 pain before the button press. A black fixation cross was displayed at the center of a computer 140 monitor. Each trial started when the black fixation cross turned green for 1 s. After a 141 randomly varied interval between 1.5 and 3.5 s, the stimulation temperature increased from a 142 baseline of 40 °C with a changing rate of 0.8 °C/s until the participants stopped the stimulus 143 increase by pressing the button. Participants on average stopped the stimulation at a mean 144 maximum temperature of 47.1 ± 0.9 °C and 10.0 ± 1.2 s after the start of the temperature 145 increase. After the button press, the temperature decreased back to the baseline with a 146 cooling rate of 8 °C/s. The next trial started 4 s after the button press. The mean latency 147 between button presses, i.e. the mean trial duration, was 17.4 ± 1.6 s. A comparison of the 148 peak temperatures of the first and second halves of the condition did not indicate habituation 149 or sensitization effects (47.1 °C for both halves, p = 0.8, paired t-test). 150
In the buttonpress condition (Fig. 1A, bottom) , participants were instructed to press 151 the button at an interval resembling the interval between two button presses in the pain & 152 7 buttonpress condition. Again, each trial started when the black fixation cross turned green for 153 1 s and ended 4 s after the button press. Pilot experiments indicated that participants tended 154 to decrease the interval between button presses over the course of the experiment. 155
Therefore, when the interval between button presses was shorter than 7 s for more than two 156 consecutive trials, a red cross was presented for 1 s after the button press to instruct the 157 participants to increase the interval between button presses. Moreover, in these cases, up to 158 15 additional trials were performed aiming at a total number of 60 trials with a duration 159 greater than 7 s for each participant. The mean latency between button presses for this 160 condition was 19.0 ± 10.2 s. 161
As in the pain & buttonpress and the buttonpress condition no speeded responses to 162 sensory stimuli were performed, reaction times were not assessed. Moreover, in the pain & 163 buttonpress condition, no single trial pain ratings were obtained so that the relationship 164 between pain intensity and motor preparatory brain activity was not quantitatively assessed. 165
166
Control experiment 167
To test for the pain-specificity of the results, a control experiment with a non-painful warmth 168 stimulus was performed (Fig. 1B) . Apart from the non-painful warmth stimulus, the control 169 experiment was identical to the main experiment. The control experiment, thus, included a 170 warmth & buttonpress condition, a buttonpress condition and a warmth condition. The 171 warmth condition was not further analyzed as it does not add to the central question of the 172 present study, i.e. the influence of pain/warmth on motor preparation. 173
In the warmth & buttonpress condition (Fig. 1B, top) , participants were instructed to 174 stop a thermal stimulus with increasing intensity by pressing the button as soon as it was 175 perceived as clearly warm. The temperature increased from a baseline of 32 °C. The 176 changing rate was adjusted for each participant during a preliminary training session in order 177 to assure a trial duration comparable to the main experiment, i.e. longer than 7 s (changing 178 rate 0.4 ± 0.1°C/s). If trial durations were shorter than 7 s, additional trials were again 179
presented to obtain at least 60 trials for each participant with a duration comparable to themain experiment. Cooling rate was 8 °C/s. During this condition, mean maximum 181 temperature was 37.2 ± 2.7 °C/s, mean duration of temperature increase was 15.1 ± 5.9 s 182 and the mean latency between button presses was 22.4 ± 7.5 s. The buttonpress condition 183 (Fig. 1B, bottom) exactly matched the buttonpress condition of the main experiment. The 184 mean latency between button presses in the buttonpress condition was 22.9 ± 11.8 s. A 185 comparison of the peak temperatures of the first and second halves of the condition did not 186 indicate habituation or sensitization effects (37.6 °C vs. 37.5 °C, p = 0.11, paired t-test). 187
As in the warmth & buttonpress and the buttonpress condition no speeded responses 188 to sensory stimuli were performed, reaction times were not assessed. 189
190
Electroencephalography 191
Recordings and preprocessing 192
During both experiments, EEG data were recorded using an electrode cap (Easycap, 193 Herrsching, Germany), BrainAmp MR plus amplifiers (Brain Products, Munich, Germany) and 194 A low-pass filter of 30 Hz was applied to the segmented data. For each condition, trials were 235 averaged time-locked to the button press. The statistical analysis was focused on a 2 s-timewindow preceding the button press as this period has been shown to include most movement 237 preparatory activity in previous time domain analyses (Brunia et al. 2012; Colebatch 2007; 238 Shibasaki and Hallett 2006) . Using the statistical approach outlined above, we tested the 239 effect of pain on movement preparatory brain activity by comparing the amplitude of the 240 potentials between the pain & buttonpress and buttonpress conditions. In a first step, we 241 performed multi-electrode analysis by clustering across time and electrodes. Subsequently, 242
we restricted the statistical analysis to the electrode Cz, which has been shown to most press, again using the same statistical approach described above. As a first step, we 261 implemented a multi-electrode analysis testing for differences between the two conditions 262 while clustering across time and electrodes. As previous studied showed that movement- sensorimotor area contralateral to the movement (Cz, CPz, C1, C3, CP1, CP3). The figure13 shows a decrease of power during the last 2 s before the button press, which was particularly 296 pronounced at alpha and beta frequencies. Additional changes of neural activity were 297 observed during and after the button press but were not further analyzed here. The 298 topography on the bottom shows the location of the electrodes (red dots) shown in the upper 299 two rows. Statistical comparisons performed in the last 2 s of motor preparation did not show 300 significant differences of movement preparatory activity between conditions in any frequency 301 band, neither when using the contralateral electrode selection (left panel) and clustering 302 across time nor when clustering across both time and electrodes (p > 0.025). 303 304
Control experiment 305
To test for the specificity of the observed difference of the readiness potential between the 306 pain & buttonpress and the buttonpress conditions, we performed the same analyses for the 307 control experiment in which non-painful warmth stimuli were applied. Comparable to the main 308 experiment, the amplitude of the readiness potential in the warmth & buttonpress condition 309 was lower than in the buttonpress condition at electrode Cz (Fig. 4A, figure 4B shows the grand averages of the difference 316 waves at electrode Cz, the right panel shows the topography of the comparison. No 317 significant differences were observed, i.e. the amplitudes of the potentials differed in a similar 318 way from the buttonpress condition both when a painful and a warmth stimulation was 319 applied. Thus, movement preparatory brain activity was reduced when a button press was 320 performed during painful as well as during non-painful thermal stimulation indicating a non-321 pain-specific effect. 322
DISCUSSION 324
In the present study, we investigated whether and how pain influences motor preparation in 325 the human brain. The results show that a movement, which stops an increasingly painful 326 thermal stimulus, is associated with a smaller readiness potential than a similar movement 327 without a concomitant painful stimulus. However, a control experiment indicates that a similar 328 reduction of the readiness potentials occurs when the movement stops an ongoing non-329 painful thermal stimulus. The pain-associated reduction of the readiness potential is, thus, 330 not pain-specific but likely represents a modality-spanning effect. suggesting a facilitating effect of pain on the motor system. In contrast, the present study 363 does not show an effect of pain on movement-preparatory desynchronizations at beta 364 frequencies. However, the previous study used an externally cued paradigm in which the 365 movement was always performed 2500 ms after onset of the painful stimulus whereas, in the 366 present study, participants were free to press the button at any time. Moreover, in the 367 previous study, the painful stimulus had no functional relationship to the movement whereas 368 participants performed biologically relevant movements which stopped the painful stimuli in 369 the present study. These differences between paradigms could explain the lack of effects on 370 event-related desynchronizations in the current study as compared to previous studies. 371 372
Externally-paced vs. self-paced movements 373
We observed a significant decrease in the amplitude of the preparatory readiness potential 374 when movements were performed to stop a painful or non-painful thermal stimulus as 375 compared to movements without these stimuli. In principle, this finding can be explained by 376 three different factors. First, the simple presence of a thermal stimulus or any sensory 377 stimulus might attenuate the readiness potential by directing attention from movement 378 preparation towards the sensory stimulus which is known to influence the readiness potential (Birbaumer et al. 1990 ). Second, not the simple presence of the stimulus but the pacing of 380 the movement by the stimulus might yield the decrease of the readiness potential. Based on 381 previous findings, this factor could well explain the present observations. Although each 382 individual could freely determine when to stop the stimulation, the pain & button press and 383
warmth & button press conditions included responding to an external stimulus whereas 384 movements in the button press condition were performed at an internally paced rate. A few 385 studies investigating the difference in preparatory activity between internally generated and 386 externally driven movements indeed reported that the amplitude of the readiness potential 387 was significantly smaller for externally paced than for self-paced movements (Jahanshahi et 388 al. 1995; Jankelowitz and Colebatch 2002) finger movements would be expected to be associated with a decrease of related brain 405 activity. In contrast, the present findings could only be explained by an increase of movement 406 preparatory over time with repeated performance. Second, we did not directly assess muscleactivity and/or movement kinematics. Thus, we cannot determine whether the observed 408 difference between movement preparatory brain activity with and without concomitant 409 stimulation is associated with a difference in preparatory muscle activity and/or a difference 410 in movement characteristics. Third, the lack of a pain-specific effect of pain on motor 411 preparation in our study does not rule out the existence of such effects. They may manifest in 412
other EEG features such as connectivity and/or at other locations such as subcortical regions 413 which are not well captured by EEG. 414
415
Conclusions 416 The present study shows that pain reduces movement preparatory activity in the brain in a 417 paradigm with a high ecological validity. This effect is, however, not pain-specific but seems 418 to represent a modality-spanning phenomenon which might reflect the basic difference 419 between stimulus-related and self-paced movements. Pain-specific interactions between 420 pain and motor preparation thus remain to be demonstrated. A better understanding of these 421 interactions promises novel insights into how the protective function of pain is implemented in 422 the brain and how these processes might deviate in chronic pain. 
